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Abstract—The development of a strain sensor based on the 
time reversal focusing technique is presented. The sensor is 
composed by a strip of aluminum plate with two ultrasonic 
piezocomposite transducers bonded at the ends of the plate. The 
time reversal technique acts as a dispersion compensator of the 
guided waves propagating in the plate, allowing time 
recompression of the waves. When the plate is subjected to a 
longitudinal traction, a time reversal focusing is performed 
between the transducers in order to detect the change in the focus 
due to strain. The strain can be evaluated by measuring the 
change of the amplitude and shift in the time of flight, and 
comparing them with a reference signal obtained at zero strain 
state. In order to improve the systems sensitivity, 2-2 
piezocomposite transducers designed to operate between 0.2 to 
3.0 MHz are used. Experiments are conducted by applying strain 
up to 150 μ-strain. The results show an increase in sensitivity 
when compared with the results of the conventional mono-
element transducer greater than 200%. Results presented here 
can be used in the project of stress monitoring transducers and 
structural health systems. 
Keywords—Strain measurement; time reversal; 
piezocomposite transducers. 
I. BACKGROUND, MOTIVATION AND OBJECTIVE 
Nowadays, the use of ultrasonic techniques is a common 
practice in monitoring the structural health of mechanical 
structures. These techniques are often low-cost, robust and easy 
to install, allowing the design of sensor networks distributed 
along the structure. However, the interpretation of ultrasonic 
signals can be difficult as they propagate in complex structures. 
A common situation is the propagation in plate structures; in 
this case, guided waves predominate. Depending on the 
wavelength and on the plate thickness, these waves are named 
Rayleigh or Lamb waves [1-2]. 
Our aim is to improve the design of an ultrasonic sensor to 
monitor the mechanical strain in a plate structure. In order to 
enlarge the sensitivity, the sensor is constructed using a pair of 
2-2 piezocomposite transducers bonded in the extremities of a 
strip of aluminum plate. In a practical case, the complete 
assembly (the transducers and the calibrated plate) can be 
placed on the structure in order to measure the real strain value. 
In other cases, only the transducers are placed on an existing 
structure, allowing the monitoring of relative strain changes. In 
the first case, the sensor must be previously calibrated and the 
real value of the stress is obtained, whereas in the second case, 
only changes regarding the initial condition are detected. 
However, the latter possibility has a great practical importance 
to detect sudden changes in the strain level in order to predict 
mechanical breaks in systems submitted to high loads. 
Due to the relation between the wavelength and the plate 
thickness in our experimental setup, the wave propagation is 
conducted essentially by Lamb waves. Lamb waves can 
propagate in symmetric and antisymmetric modes. When a 
short ultrasonic pulse is emitted by one transducer, a long 
dispersed signal is measured in the other transducer of the pair. 
The effect of the dispersion makes difficult the precise 
determination of the time of flight when several modes 
propagate in the plate. To avoid this obstacle, time reversal 
signal processing has been proposed as a suitable technique to 
recompress the energy of the wave initial pulse [3].  
When the plate is subject to a longitudinal tensile stress, 
each propagation mode changes the time-of-flight compared to 
a reference no-stress state. These changes are a function of both 
geometry and velocity changes. Geometry variation occurs due 
to elastic dimension change, i.e. strain. The other changes are 
explained by the acoustoelastic theory, which states that 
velocity changes as a function of the stress state [4]. The use of 
this approach is promising to measure and to monitor the strain 
or stress states in plates. Single mode guided waves [5, 6] and 
simple angled beam reflection in plates [7] are used for this 
application. 
The present method uses the time reversal focusing 
technique to enlarge the sensitivity to strain changes. Using 
time reversal, all the modes excited in the plate (which can be 
dispersive) arrive at the same time when the plate is unstrained. 
978-1-4673-6386-0/14/$31.00 ©2014 IEEE
The time reversed signal acquired at differ
changes both in amplitude and in time of f
properties, the strain can be evaluated by mea
the time of flight or the decrease in the am
with a reference time reversed signal obtai
state. In previous works a first result on the p
was presented using a pair of standa
transducers [8-9]. This type of transducers 
frequency band, resulting in a quasi-monoc
and a poor time focusing, which implie
sensitivity for the strain variation. 
In this work, an alternative implementatio
used. In order to obtain more modes in the fre
2-2 piezocomposites are used both as em
transducers. The main contribution is to show
in sensitivity introduced by the use o
transducers and a better solution for the
Sensitivity improvement allows a better ap
technique proposed in practical application
structure detection. 
II. STATEMENT OF CONTRIBUTION
A. Fabrication process 
Three pairs of 2-2 piezocomposite 
constructed in order to test the concept
processes is the standard dice and fill proc
used in piezocomposite manufacturing. 
ceramic chosen is PZ37 from Ferroperm [
was developed for NDT applications and has
impedance and a high thickness coupling
piezocomposite transducers are constructe
ceramics in one direction, making parallel b
space between the bars with polymer. This tr
lowest impedance and a better frequency 
ceramic transducers. To make the final assem
and easy to handle, each sample is glu
aluminum base as shown in Fig. 1. Table 
constructive characteristics of the transducers
B. Experimental setup 
Experiments were performed in an 3-m
long and 100-mm wide aluminum plate. The
over a bridge structure where a variable tra
applied by threading a nut onto a threaded ro
reference, the actual strain value is measur
strain-gauge placed on the center of the plate.
TABLE I.  PIEZOCOMPOSITES CONSTRUCTIVE CH
Frequency Ceramic 
thickness 
Element 
width 
Polym
width 
500 kHz 1.75mm 1.0mm 0.2mm
1 MHz 1.43mm 0.2mm 0.06mm
2.25MHz 0.65mm 0.1mm 0.04mm
 
ent strains levels 
light. Using these 
suring the shift in 
plitude compared 
ned at zero strain 
roposed technique 
rd monoelement 
excites a narrow 
hromatic response 
s low amplitude 
n of the sensor is 
quency spectrum, 
itter and receiver 
 the improvement 
f piezocomposite 
 setup analyzed. 
plicability of the 
s such as failure 
/METHODS 
transducers were 
. The fabrication 
edure, commonly 
The piezoelectric 
10]. This material 
 very low acoustic 
 coefficient. 2-2 
d by cutting the 
ars and filling the 
ansducer type has 
band than single 
blage more robust 
ed onto a small 
I summarizes the 
. 
m thick, 800-mm 
 plate is mounted 
ction condition is 
d, see Fig. 2. As a 
ed by a resistive 
 
ARACTERISTICS 
er Pitch
 1.2 mm
 0.26mm
 0.14mm
Figure 1. Piezocomposite transd
aluminium strip. (A) 2.25 MHz, (B) 500
Fig. 1 shows one side of th
are glued; one corresponding to
MHz pair and one to the 2.25 M
each pair is glued at the oppos
by L=700mm, points A and B i
bridge at point F, whereas the o
road. The traction is applied usi
To generate and to receiv
commercial equipment is u
Electronique, Chuelles, Franc
transmit programmable signals
12-bit analog to digital converte
preamplifier up to 80dB. 
C. Experimental methodology 
Initially, a sinc pulse was 
element, Te. This pulse has a 
frequency range. Then the si
element, Tr, is equivalent to th
whole signal is registered in a 
time window. After that, this s
as a reference to be retransmitte
A new signal is then receiv
reversed reference signal. A se
the whole traction range, alw
reference signal by Te. The tra
and then a time reversal respo
level. 
When the traction is appli
altered due to the changes impo
in the signal shape, especially 
time-of-flight shift are observe
strain value.  
Figure 2. Experimental setup: A an
nut, E mounting bracket, F and H fixing
 
 
ucers bonded at one border of the 
 kHz, (C) 1 MHz. 
e plate, where three transducers 
 the 500 kHz pair, one to the 1 
Hz pair. The other element of 
ite extreme of the plate, spaced 
n Fig 2. The plate is fixed to the 
ther end is linked to a threaded 
ng a nut in D. 
e arbitrary ultrasound signals, 
sed, (Open System, Lecoeur 
e). This equipment is able to 
 up to 80 MHz and presents a 
r receiver with a programmable 
used to excite the transmitting 
flat bandwidth in the working 
gnal received, at the opposite 
e system transfer function. This 
memory buffer for a predefined 
ignal is time reversed and used 
d from Te. 
ed at Tr after re-emission of the 
t of signals is acquired at Tr for 
ays transmitting the original 
ction range is divided into steps 
nse is acquired at each traction 
ed, the time reversal signal is 
sed on the plate. The difference 
the amplitude reduction and the 
d as a function of the principal 
 
d B Transducer, C threaded rod, D hex 
 screws, G plate. 
D. Signal processing 
The transfer function between the transducers, H(ω), can be 
measured experimentally using a short impulse or applying a 
set of sine waves in the desired frequency band. In the 
frequency domain, the spectrum of a received signal Y0(ω) can 
be calculated as Fourier transform of the convolution operation 
Y଴ሺωሻ ൌ Xሺωሻ Hሺωሻ  .    (1) 
Here, X(ω) is the Fourier transform of the input signal 
applied at Te. The spectrum H(ω) depends on two main factors, 
first the frequency response of the piezoelectric transducers and 
second the propagating waves in the plate. These waves are 
composed by the contribution of the Lamb wave modes. In the 
frequency domain, the time reversal process can be computed 
as a phase conjugation 
Y୲୰ሺωሻ ൌ XכሺωሻHכሺωሻ Hሺωሻ .   (2) 
The amplitude Ytr(ω) is the same of X(ω) multiplied by the 
square of the transfer function. If the spectrum of the initial 
pulse X0 is band limited belonging to the bandwidth BW, the 
signal received can be computed using the inverse Fourier 
transform as 
y୲୰ሺtሻ ൌ Xబଶ஠ ׬ |Hሺωሻ|ଶBW e୨ன୲dω .  (3) 
At instant t = 0, all the frequency components have null 
phase, resulting in a focused signal. This justifies why the time 
reversal process has the capability of compensating the 
intrinsically dispersive behavior of the guided waves.  
However, expressions (2) and (3) are valid if the system 
remains time invariant. Next, the explicit strain level 
dependence is introduced. Without external stress, the transfer 
function is designated as H(0,ω), whereas the transfer function 
at the strain level ε is H(ε,ω). Introducing the additional 
hypothesis that the amplitude of the transfer function remains 
invariant (changes are only in phase), expression (2) is 
modified as follows  
Y୲୰ሺε, ωሻ ൌ Xכሺωሻ|Hሺ0, ωሻ|ଶ e୨∆மሺக,னሻ .  (4) 
Where Δφ(ε,ω) is the phase difference of the transfer 
function between the initial zero strain state and the deformed 
state at strain level ε. The phase difference occurs due to 
dimension variations and velocity change by the stress state 
[4]. These phase variations are dependent on the propagation 
mode and frequency [8, 11-12]. Hence, the use of more than 
one mode introduces a mismatch in the time reversal signal 
increasing the sensitivity of time of flight shift and also causes 
the amplitude decreasing. 
To evaluate the effect of the strain changes in a plate, the 
expression (4) is transformed to the time domain as in (3).  
y୲୰ሺε, tሻ ൌ Xబଶ஠ ׬ |Hሺ0, ωሻ|ଶBW e୨∆மሺக,னሻe୨ன୲dω . (5) 
This signal allows the computation of the changes in the 
maximum value of the focus and the shift delay in the 
focalization time. Fig. 3 shows the ideal behavior of the focus 
changes due to the traction applied. 
 
Figure 3. Ideal variations of the time reversal focus when an external strain 
ε is applied. Observe the decreasing of the maximum and the shift on the 
focalization time. 
In the assumptions above, the temperature effects are 
neglected because temperature is considered constant all along 
the process. Just the influence of mechanical strain in the time-
reversed signal is considered. However, temperature influences 
acoustical waves in a similar fashion, changes the sound 
velocity and produces thermal expansion. In practical 
applications, temperature effects must be compensated [13-14]. 
 
III. RESULTS, DISCUSSION AND CONCLUSIONS 
In order to evaluate the behavior of the sensor proposed, an 
incremental load was applied to the plate. The performance of 
the piezocomposites ceramic pairs were evaluated in the 
loading setup, see Fig 2. On one side of the plate, an impulsive 
signal is emitted. On the other side, the signal received was 
sampled at 10MHz and registered in 8192 memory buffer. The 
observable time window is 819.2 μs, from 130.0μs up to 
949.1μs. Fig. 4 shows the impulse response function in time 
and frequency domain for the 500kHz transducer pair. 
The time reversal signal at null strain state is presented in 
Fig. 5 for all transducer pairs. Time reversal characteristics can 
be observed, such as time compression and amplitude gain and 
signal symmetry. 
 
Figure 4. Received forward signal for 500kHz piezocomposite pair, as a 
function of time (top) and the Fourier Transform (bottom) corresponding to the 
system transfer function at zero strain H(0,ω). 
 
Figure 5. Received time reversal signal for all acqui
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calculating time reversal energy efficiency. 
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TABLE II.  EXPERIMENT SENSITIVITY RESULTS 
Transducer Frequency -6dB Bandwidth 
(kHz) 
Time Reversal
Efficiency 
Amplitude Decrease (% / με) Time-of-flight shift (ns / με)
Mean Std. Mean Std.
 
2-2 PZC 
500 kHz 39.4 25.4% -0.082 0.0044 0.53 0.057
1 MHz 124 21.9% -0.036 0.0054 0.56 0.082
2.25 MHz 196 22.9% -0.063 0.0086 0.44 0.036
500 kHz & 2.25 MHz 594 28.3% -0.104 0.0069 0.50 0.042
Monoelement 5 MHz 37.1 7.73% -0.032 0.0059 0.31 0.049
 
Note that the resolution in time shift presented in Fig. 6 and 
Table II is better than the interval introduced by the period of 
the 10MHz sampling frequency. These more precise values 
were obtained by performing a low-pass interpolation in the 
raw data by a factor of 100, preceded by a low-pass filtering. 
Low pass interpolation is possible due to the band limited 
spectrum in the transfer function, see Fig 4 and Fig 7. This 
way, the time resolution is equivalent to a sampling rate of 
1GHz and a time resolution of 1ns is possible. 
The sensitivity in the focus amplitude can be associated to 
the spectral band of the transfer function. When the transfer 
function is broad band, more modes can collaborate with the 
focusing signal, and hence a higher mismatch at the final 
received time reversal signal arises, as indicates in (5). The       
-6dB bandwidth for the impulse response is also shown in 
Table II. 
For a real experimental signal, the spectrum shape is far 
from regular; it may contain many peaks and valleys, as can be 
seen in Fig. 4b. A simple bandwidth comparison is not 
obvious, because it may contain regions of no spectrum 
relevance, or even neglect some frequency parts that may yet 
present some importance. Moreover, observing Table II, one 
can conclude that just the bandwidth cannot really explain the 
sensitivity, as the 500kHz experience presented the highest 
sensitivity, but the narrowest -6dB band. 
To highlight the desirable characteristics of the transfer 
function, a figure of merit was proposed. The main idea is to 
associate the time reversal focalization with the strain 
sensitivity. To quantify the time reversal focalization, the 
energy focusing efficiency is used. Energy focusing is here 
defined as the ratio of the energy in the central peak divided by 
the global signal energy, such that the central peak is the signal 
part between the two zeroes crossing immediately before and 
after the main negative lobes, as illustrated by the red areas in 
Fig. 5. A Dirac delta signal would produce a perfect time 
reversal and its ratio would be unitary, as the whole energy is 
confined in the central peak. On the other hand, for a totally 
unfocused signal, such as a sine wave where the bandwidth is 
null, no energy is focused and the ratio is zero. This measure 
represents a way of indirectly measuring the spectral 
equalization level, or even its richness, without either analyzing 
its frequency content or concern for its possible irregularities. 
The time reversal efficiency for each experiment is presented in 
Table II. This measurement confirms the sensitivity trend as 
the most sensitive experiments present the most efficient 
values. 
Aiming to enhance the received signal spectrum content, 
and its sensitivity, a combination of transducers was used. 
When a 1MHz transmitter and receiver transducer pair was 
used simultaneously with any other pair, or even all three 
together, no significant improvement was achieved. This is 
because the 1MHz transducer has higher impulse response 
gain, about twice as the others. This way, the spectrum 
signature of the latter predominates and no benefit of the 
combination arises. However, the 500kHz and 2.25MHz 
transducer pairs present the same amount of gain; thus, when 
used together, they produce a richer spectrum. Fig. 7 shows it 
impulse response; both in time and frequency domain. One can 
clearly see that the two main spectrum regions have almost the 
same intensity. As the amplitude gains of both are about the 
same, there is not any response standing out over the other and 
both equally collaborate on the impulse response.  
The time reversal efficiency, illustrated in Fig. 8, for this 
configuration is higher than all others. As expected, this 
configuration presented the highest amplitude sensitivity, about 
0.1% / με. Table II summarizes this configuration results. With 
any combination using the 1MHz transducer no benefit was 
achieved as the spectrum distribution was similar to when it 
was used alone, even if more energy was introduced in the 
system. With 500kHz and 2.25MHz transducers, the spectrum
 
Figure 7. Received forward signal for 500kHz and 2.25MHz 
piezocomposite pairs together, as a function of time (top) and its Fourier 
Transform (bottom). The two main spectrum regions present about the same 
amount of energy. 
 
Figure 8. Received time reversal signal for the combination of 500kHz and 
2.25MHz piezocomposites, for all the acquisition buffer (top) and detail of 
focusing instant (bottom); the marked red area represents the interval used for 
calculating time reversal energy efficiency. 
was wider and more equalized, which is verified by the time 
reversal efficiency value, and higher sensitivity achieved. This 
corroborates the assumption that a more equalized spectrum 
improves the amplitude sensitivity. 
Although this result illustrates the sensitivity for different 
spectral contents, it does not intend to fully elucidate the 
physical characteristic of the strain sensitivity phenomena. The 
theoretical sensitivity of each propagating mode regarding the 
geometric and acoustoelastic effects for Lamb modes [11, 12] 
and also the guidance by the plate finite width should be 
considered for this.  
The relative low variation between repetitions of each 
experience setup indicates the reproducibility of the method. 
Both time of flight and amplitude reduction can be used for 
monitoring the strain behavior. However, the amplitude 
sensitivity is technologically simpler to be used, as a voltage 
resolution of the order of some hundredth of percent is easier to 
obtain than a sampling frequency of GHz. Therefore, to be able 
to just observe the amplitude behavior in a low sampling rate is 
a desired feature for the method and higher amplitude 
sensitivity is an important property. 
One can observe that the transducers with richer frequency 
content present higher amplitude sensitivity. The new results 
are compared to the first experiment obtained with a 
commercial monoelement transducer used in [8-9]. The 
impulse response for the system with this pair of transducers is 
extremely narrow, thus producing a quasi-monochromatic 
response. Higher sensitivity was reached, about 3 times greater, 
when the specially produced 2-2 piezocomposite transducers 
were used with adequate frequency content, especially when 
advantageous spectral combination was achieved. The time 
reversal efficiency is used as a spectrum figure of merit and 
fully obeys the sensitivity behavior. 
In summary, a strain sensor based on the phase difference 
of each propagating ultrasonic guided waves mode was 
developed and tested in laboratory conditions for longitudinal 
strain of about 150 μ-strain. In order to improve the strain 
sensitivity, three different 2-2 piezocomposite transducers were 
tested. The search for a better transducer showed to be relevant 
for obtaining higher amplitude sensitivity, improving the 
feasibility of the method. Monitoring the amplitude level is 
technologically easier than the time of flight delay due to the 
high time resolution required. The method can be used for 
strain measurements by previously calibrating. The results and 
evolution of the setup presented for strain monitoring show 
great potential for use in a real health monitoring system. 
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